INTRODUCTION
Iron is needed for the synthesis of enzymes essential for respiration, redox reactions and DNA synthesis, and is also potentially toxic for its capacity to catalyze free radical formation (1) . Consequently iron homeostasis must be tightly controlled by specific mechanisms. The ones so far characterized are located at the cytoplasmic level and involve the iron regulatory proteins that sense iron levels, and the ferritins (2) . These are 24-mer proteins composed of the H-and L-subunit types that sequester excess iron in their large cavity in a bioavailable and non-toxic form (1, 3) . However, much iron has to enter the mitochondria to be incorporated into heme and Fe/S complexes for the synthesis of enzymes (4, 5) , but little is known about the regulation of this trafficking and how iron toxicity is prevented. Mitochondrial ferritin (MtF) and frataxin are candidates to play important roles in the regulation of mitochondrial iron homeostasis, although their functional roles have not been fully elucidated. MtF has been recently identified in humans, primates and rodents, and shown to be encoded by an intronless gene, which in human is localized on chromosome 5q23.1 (6, 7) . It is expressed as a precursor with a long N-terminal extension (approximately 60 residues) that directs mitochondrial targeting. The amino acid sequence of the mature protein fully overlaps that of H-ferritin with 77% identity, including all the key residues for ferroxidase activity, and the study of the human and mouse recombinant proteins confirmed that they have iron-binding capacity and ferroxidase activity comparable to that of the well-characterized cytosolic H-ferritin (7) . In addition, its crystallographic structure is remarkably similar to that of the H-ferritin (8) . When the MtF precursor was expressed in HeLa cells it was found to be fully processed to the mature 21 kDa protein and to accumulate specifically inside the mitochondria.
There it assembled in functional 24-mer ferritin molecules, which were active in taking up iron. This activity, which was linked to the integrity of the ferroxidase center, had a profound effect on cellular iron homeostasis, since it reduced both cytosolic ferritin levels and iron availability (9) . It was concluded that MtF has a function similar to that of the wellcharacterized cytosolic ferritin, differing for the mitochondrial localization and for being composed of a single subunit type. MtFs lack the regulatory IRE sequence, and their expression does not seem to be iron-regulated at the post-transcriptional level (6) . In addition, and at variance with the ubiquitous cytosolic ferritins, MtF is expressed in a limited number of tissues, mainly in the testis and spermatocytes (10) . Interestingly, high levels of MtF protein have been found in ringed sideroblasts of patients with sideroblastic anemia (11) . The mitochondria of these cells contain large iron deposits. Mutations in the ALAS2 gene are responsible for the genetic X-linked form of the disorder (12) , whereas unknown factors, possibly linked to mitochondrial defects, are implicated in the sporadic forms (13) . The excess iron is sequestered inside the MtF, and, because the sideroblasts live and proliferate, it has been suggested that MtF protects mitochondria from the toxicity of local iron excess (11) . This hypothesis is supported by preliminary analysis of transfectant cells (10) . Normal erythroblasts do not express detectable MtF, indicating that the protein is induced in the disorder.
Frataxin deficiency is associated with Friedreich ataxia (FRDA), the most common genetic form of ataxia (reviewed in 14, 15) . It is a mitochondrial protein found in all eukaryotes including yeast. The mature protein is a monomer of 14 kDa, and its 3D structure does not show evident metal binding sites (16, 17) . However, it binds iron in vitro (18 -21) . It was shown that the yeast frataxin, Yfh1p, is activated by Fe(II) in the presence of O 2 to form trimers that catalyze iron oxidation (22) . Higher iron concentrations induce a stepwise assembly of the protein to higher oligomers that can sequester more than 2000 Fe atoms in ferrihydrite-like polynuclear structures, similar to those found in ferritins (23) . In addition, Yfh1p oligomers can bind Fe(II) which is available to ferrochelatase for heme synthesis (21) . In fact, a physical interaction between Yfh1p and ferrochelatase has been demonstrated in Biacore experiments (24) . Other reports indicated that human frataxin can bind six to seven iron atoms that are donated to Isu1p, in the early stages of Fe/S cluster assembly (18) . A physical interaction between Yfh1p and Isu1p in yeast has been demonstrated (25, 26) . Therefore, it has been proposed that Yfh1p has ferroxidase activity and iron storage properties which may protect the mitochondria from iron toxicity, and that it also acts as a chaperone to donate iron to the proteins involved in the two major pathways of iron utilization, Fe/S cluster assembly and heme synthesis. The relative importance of these two functions cannot be easily inferred by the effects of Yfh1p deficiency. In fact, yeast cells lacking frataxin (yfh1D ) show a rather complex respiratory-deficient phenotype that results from a massive mitochondrial iron deposition, defects in the maturation of mitochondrial Fe/S enzymes, hypersensitivity to oxidative stress, instability of mtDNA (27 -29) and defects in heme synthesis (24) . Mitochondrial iron overload was prevented by growth in low iron media (30) , deletion of genes for high-affinity iron transport (31) or increased vacuolar iron transport (32) . Under these conditions, respiratory activity was preserved, although the activity of Fe/S enzymes remained sub-optimal (33) . Similarly, zinc prevented iron accumulation in the mitochondria of these strains, but not the deficiency of Fe/S and heme proteins (34) . It has been proposed that the sub-optimal biosynthesis of Fe/S clusters is the direct cause of mitochondrial iron overload and of high sensitivity to oxidative damage (28) . However, the primary target of Yfh1p deficiency might be proper mitochondrial iron handling.
We thought that a direct comparison of MtF and frataxin/ Yfh1p may be useful to identify differences in their biological activity, considering that both are mitochondrial iron-binding proteins, but MtF is not expected to be able to interact specifically with Isu1p and ferrochelatase, as observed for Yfh1p. To this aim we expressed MtF in yeast cells lacking Yfh1p. The results show that MtF rescues most of the defects associated with Yfh1p deficiency, and that it prevents mitochondrial iron overload. The data suggest that the primary role of frataxin is to sequester mitochondrial iron in order to prevent its toxicity.
RESULTS

Expression of MtF in wild-type yeast
The cDNA for the full-length precursor of human MtF was subcloned into a high-copy expression plasmid, pG3/TRP1 (35) , downstream of the constitutively active yeast glyceraldehyde-3-phosphate dehydrogenase promoter. The resulting plasmid (pG3-MtF/TRP1) was used to transform the haploid yfh1D [YCp50 -YFH1/URA3] strain, which contains a disrupted yfh1D::HIS3 allele and a complementing YCp50 -YFH1 plasmid for the constitutive expression of Yfh1p, the yeast homolog of frataxin (36) . The new strain was designated [YFH1 þ huMtF], whereas a strain carrying empty pG3/TRP1 plasmid, yfh1D [YCp50 -YFH1/URA3][pG3-/TRP1], was designated [YFH1] and considered a control strain (Table 1) . Immunoblotting with anti human MtF revealed a band of the expected mobility in the homogenates of the transformed cells, which was absent in the non-transformed parent strain (Fig. 1A, lanes 3 versus 2) . The electrophoretic mobility of the assembled human MtF expressed in yeast and HeLa cells was the same, and the levels of expression in the two cell types were comparable (Fig. 1A, lanes 1 and 3) . The transformed yeast cells were incubated for 18 h with 5 mM [ 55 Fe] ferric ammonium citrate (FAC), and the homogenates separated on non-denaturing PAGE and exposed to autoradiography. A single band co-migrating with MtF was evident (Fig. 1A, lane 5) , showing that the transfectant ferritin is functional in taking up iron within yeast cells. To verify its cellular localization, we separated the mitochondrial from the postmitochondrial fractions by differential centrifugation, using succinate dehydrogenase (SDH) activity as mitochondrial marker (data not shown). Immunoblotting showed that MtF accumulated specifically in the mitochondria; a minor signal found in the cytoplasm was attributed to contamination of this fraction (Fig. 1B) . We conclude that the transformed yeast cells efficiently express human MtF precursor, which is correctly processed in the mitochondria to mature and functional ferritin molecules, as it occurs in mammalian cells.
Expression of MtF in yfh1D yeast strains
The expression of human MtF did not confer any evident phenotype to the yfh1D [YCp50-YFH1/URA3] strain under standard growth conditions. We considered that MtF functionality might become more evident in a non-complemented yfh1D background in which mitochondrial iron homeostasis is altered due to the lack of Yfh1p. Therefore, the YCp50-YFH1/URA3 plasmid was eliminated by treatment with 5-fluoroorotic acid (5-FOA). Several clones were subjected to various rounds of counter-selection with 5-FOA yielding yfh1D cells that only contained the pG3-MtF/TRP1 plasmid. Three isolates, originating from independent transformants, were selected for further characterization and named [huMtF] . Analogous treatment was used to obtain yfh1D cells containing empty pG3-/TRP1 plasmid (D [YFH1] strain). Some of the properties of the three strains used in this work are summarized in Table 1 . The complete elimination of the YCp50-YFH1 plasmid was verified by PCR amplification of total yeast DNA using YFH1-specific primers ( Fig. 2A) , whereas MtF expression was tested by immunoblotting (Fig. 2B ). The levels of MtF protein and 55 Fe incorporated into MtF were about 2-fold higher in the presence than in the absence of Yfh1p (Fig. 1A, lanes 3-6) . This finding indicates that the lack of Yfh1p does not affect MtF iron incorporation activity, although it modifies MtF protein levels.
MtF expression rescues the growth defect caused by the loss of Yfh1p
Yfh1p-deficient yeast cells typically show slow or absent growth on non-fermentable carbon sources. We therefore analysed whether MtF expression might modify this property. Cells grown on selective synthetic dextrose essential (SSDE) plates were diluted in SSDE liquid medium to 0.03 OD 600 nm and the growth was followed for 72 h. The D [YFH1] strain took about 70 h to reach the stationary phase, whereas the three [huMtF] clones and the [YFH1] strain took only 20 h (Fig. 3A) . In other experiments, the growth of the different strains in SSDE liquid medium was synchronized at the exponential phase. Then they were diluted to 0.2 OD 600 nm and each strain was spotted on plates and grown for 4 days at 308C. All strains grew to a similar extent on complete solid medium containing a fermentable carbon source (dextrose, YPD), as expected. In contrast, the growth of D [YFH1] strain was severely reduced on non-fermentable carbon sources (ethanol and glycerol, YPEG), whereas that of the three [huMtF] clones was comparable to that of the control [YFH1] strain (Fig. 3B ). Next we verified whether the rescue of respiratory activity in the [huMtF] strain could be attributed to MtF expression. To this aim, the [huMtF] 1,2,3 clones were maintained in non-selective completed liquid medium for several generations. We obtained the corresponding D [huMtF] A,B,C clones lacking the pG3-MtF plasmid, which were unable to grow on plates lacking tryptophan. The absence of the pG3-MtF/TRP1 plasmid in these clones was verified by PCR analysis using primers specific for MtF cDNA ( 
MtF expression and mitochondrial functionality
The activity of mitochondrial iron-sulfur enzymes is abnormally low in yf h1D strains. We analyzed whether MtF expression might correct this defect. Cells were grown in minimal SSDE medium with or without supplementation with 15 mM iron provided as FAC. The cells were harvested after they reached the exponential growth phase and mitochondria were isolated and analyzed. The activity of malate dehydrogenase (MDH) was used as a control and was detected at similar levels in all the strains analyzed and under both experimental conditions ( (Fig. 5 ). In addition, SDH activity was reduced to 80% of control levels in the [YFH1 þ huMtF] strain (Fig. 5) . Together, these findings indicate that MtF expression protects the activity of mitochondrial Fe/S enzymes, probably against iron-induced oxidative damage.
To study possible MtF effects on mitochondrial iron levels, the cells were grown in SSDE media supplemented with Table 2) . To analyze iron compartmentalization in the mitochondria of the [huMtF] strain, the cells were grown in SSDE media supplemented with 5 mM 55 Fe, and the radioactivity in the mitochondrial fraction counted before and after immunoprecipitation with anti-MtF antibodies. In two experiments we found that 50 -55% of mitochondrial iron was associated with MtF. It was reported that a secondary effect of mitochondrial iron overload is instability of mtDNA, which is typically damaged in yfh1D strain (29) . To study this, the cells were maintained in log phase of growth for 48 h in YPD liquid medium. Then, DNA integrity was verified by PCR amplification of fragments of the mitochondrial gene OLI1 and of the nuclear gene RPO22, used as an internal control. Whereas the RPO22 gene was equally amplified in the different strains, the mitochondrial gene OL11 could only be amplified in the control 
DISCUSSION
The major function of cytosolic ferritins is to maintain a supply of bioavailable and non-toxic iron in the cytosol and to protect cells from iron excess (1) . To verify whether MtF has the same function inside the mitochondrion we used a well-characterized model of mitochondrial iron overload: a yeast strain deficient in frataxin/Yfh1p. Yeasts are among few organisms that do not express ferritins but use alternative methods for iron storage (38) . However, H-and L-ferritins have already been expressed in yeast cells, where they accumulate as functional iron-incorporating proteins (39, 40) . Therefore, the finding that MtF was efficiently expressed in S. cerevisiae was expected. We found specific MtF accumulation in the mitochondria, indicating that mitochondrial import and processing of the MtF precursor occurred correctly as in mammalian cells. This was also not surprising given that other mammalian mitochondrial proteins, including human frataxin (37), were previously expressed in yeast and efficiently targeted to the mitochondria. MtF incorporated iron in yeast, confirming that the protein is functional and has access to the metal as in mammalian mitochondria. We conclude that yeast is a suitable model to study MtF functionality.
MtF partially rescues the defects caused by frataxin deficiency
Yeast cells lacking Yfh1p are characterized by a slow-growth phenotype (petite), an inability to grow on non-fermentable (Fig. 3) . Even more evident was the effect when cells were grown in the presence of non-fermentable carbon sources. The D [YFH1] strain did not grow at all, whereas [huMtF] grew similar to the control cells (Fig. 3) . That this effect was due to MtF expression was confirmed by showing that loss of the plasmid encoding MtF resulted in inability to grow on YPEG (Fig. 4) . We conclude that MtF restored the ability of yfh1D to grow under conditions in which mitochondrial respiratory activity is required. Next, we analyzed the activity of the Fe/S enzymes, ACO and SDH, under different conditions. When D [YFH1] cells were grown in media supplemented with 15 mM iron (the concentration found in the YPD medium) the activity of both enzymes was almost fully suppressed (Fig. 5) , whereas in MtF-expressing cells ACO activity was essentially normal and SDH activity was equal to about 50% of controls (Fig. 5) . These findings indicate that MtF expression corrects the decrease in Fe/S enzyme activity associated with Yfh1p-deficiency. It is known that cellular iron deprivation can also protect the activity of Fe/S enzymes in Yfh1p deficient cells; for example, ACO and SDH activities were detectable at about 20 -30% of controls in cells grown in iron-limiting media (Fig. 5) . Similarly, in the Yfh1p-deficient cells in which iron availability was limited by chelators (30) or genetic alterations (31, 32) . ACO activity was about 60% of controls, whereas we obtained full ACO reactivation. These data suggest that the mechanism by which MtF rescues Fe/S enzyme activities differs from cellular iron deprivation.
Oxidative stress is a hallmark of Yfh1p deficiency when the cells are grown in iron-containing media (30) . This can be assessed by the integrity of mtDNA, which is one of the targets of ROS formation (29) . We have shown that under conditions in which mtDNA was degraded and undetectable in D [YFH1] cells, it remained detectable in the [huMtF] strain. Loss of the MtF plasmid abolished this protection, confirming that it was associated with MtF expression. That The growth of the indicated clones in SSDE liquid media was synchronized at the exponential growth phase. Then cells were diluted to 0.2 OD 600 nm and equally spotted on YPD and YPEG plates or SD plates supplemented with essential nutrients with or without uracil (SSDE). Pictures were taken after 4 days of growth at 308C. This analysis was repeated three times with similar results, and a representative one is shown. strain. This is consistent with the hypothesis that MtF sequesters local iron excess and prevents Fenton-like reactions. As expected, Yfh1p deficiency was associated with a high 8-fold increase in mitochondrial iron content, whereas, surprisingly, we found only 2-fold increase in the MtFexpressing strain (Table 2 ). This is an apparent paradox since MtF is an iron storage protein with a large capacity for metal binding, and was expected to sequester the excess iron normally taken up by the Yfh1p-deficient mitochondria. In fact, the observed 2-fold increase was likely caused by the iron sequestering activity of MtF, since we found that MtF-iron corresponded to about 50% of the total mitochondrial iron in the [huMtF] strain. Similar findings were obtained in mammalian cells, where MtF expression increased the level of mitochondrial iron (9) . Given that inhibition of Fe -S cluster synthesis decreases mitochondrial iron export (33) , it is possible that the absence of mitochondrial iron deposition in [huMtF] cells results from MtF-mediated protection of Fe -S clusters and/or enzymes involved in Fe -S cluster synthesis.
Function of MtF and Yfh1p
We found that MtF can efficiently replace the function of Yfh1p in yeast, but these two proteins have different structures and characteristics, although they both bind iron. Ferritin ironbinding properties have been largely characterized and the reaction of iron incorporation has been elucidated (1, 41) . It involves transient iron-binding at the catalytic site of the H-subunit, followed by oxidation, movement inside the large cavity and mineralization. The mineral iron core is inactive in Fenton reaction, and becomes bioavailable only after reduction or degradation of the protein shell. Yfh1p ironbinding properties seem to be more complex. The protein also binds iron transiently in a manner that is made available to Isu1p, ferrochelatase or [3Fe -4S] aconitase, thus acting as a chaperone (18, 21) . In addition, if Fe(II) is not transferred from Yfh1p to other ligands, it is oxidized and stored inside the protein oligomers, thus acting as an iron storage molecule (22, 23) . A common property of the two molecules seems to be the capacity to bind iron transiently, a property that is intrinsically difficult to detect experimentally. Easier to follow is the iron incorporating activity of ferritin, and that of MtF did not seem to be affected by the presence or absence of Yfh1p (Fig. 1A) . This indicates that Yfh1p function was not replaced by the capacity of MtF to incorporate iron in the cavity. In addition, it seems unlikely that ferritin can substitute Yfh1p chaperone functions, although it has been observed that the iron oxidized by H-ferritin can be donated to molecules with high affinity for Fe(III) such as transferrin (1) . We postulate that the more likely MtF function in this context is the capacity to bind iron transiently and possibly to oxidize it. This would control the size of labile iron that is potentially toxic.
Our data can be interpreted as follows: in the absence of the metal binding sites offered by Yfh1p, an excess of labile mitochondrial iron accumulates, which is toxic and induces oxidative stress. This affects not only mtDNA and Fe/S enzymes ( Figs 5 and 7) , but also the proteins involved in the synthesis of Fe/S clusters. In fact some of them (e.g. IscU, Yah1p) are Fe/S proteins and likely to be easy targets of oxidative damage. The inactivation of any of these proteins has been found to cause iron overload (42) , with a mechanism which might be similar to the one occurring in genetic sideroblastic anemia, where the inefficient utilization of iron caused by ALAS2 deficiency increases mitochondria iron influx (12) . The expressed MtF may bind and oxidize the toxic iron, thus inhibiting the initiation of oxidative damage and the vicious cycle that results in the inactivation of Fe/S Figure 5 . The activity of Fe/S enzymes is partially maintained in [huMtF] clones. The growth of the indicated clones was synchronized at exponential growth phase in SSDE liquid media, with or without addition of 15 mM FAC. Mitochondrial extracts were prepared and the activity of aconitase and SDH was measured. The activity of MDH was measured as a control of mitochondrial non-iron-sulfur cluster enzyme. The activities, measured as nmol of substrate consumed by milligram of mitochondrial protein per minute, were normalized on the control [YFH1] clone. The data are the means and SD of five independent measures for aconitase and MDH activity and of seven for SDH. The experiments were repeated twice on cells grown in basic medium and three times grown in medium supplemented with FAC and the figure shows one representative experiment for every growth condition. synthesis and damage to respiratory enzymes. This mechanism would also explain why MtF expression inhibits iron deposition in the mitochondria. Moreover, MtF iron-binding/ oxidizing activity seems to be much higher than that of Yfh1p. For example, the rate of in vitro iron oxidation was found to be several fold faster in the presence of H-ferritin than in the presence of Yfh1p (22), and the affinity for Fe(II) is expected to be higher for ferritin than Yfh1p, although no direct comparison has been made so far. In addition, MtF expression, directed by a high-copy number plasmid, is predicted to be higher than that of Yfh1p. This would suggest that the level of labile iron in the presence of MtF is lower than that in the presence of Yfh1p. This observation might partially explain why the activity of SDH in the strains expressing MtF was lower than that of the control. SDH has a higher number of iron atoms than ACO, and therefore might be more sensitive to the relative iron deficiency caused by MtF expression.
Implications for mammalian cells
The major observation of this work is that an iron-binding protein such as MtF can substitute in large extent the function of frataxin in yeast, and that mitochondrial iron overload is probably secondary to the formation of minor amounts of toxic iron. We propose that the major role of Yfh1p, which can be substituted for by MtF, is transient iron-binding and detoxification. These observations are in partial agreement with data in mammalian cells, where heavy mitochondrial iron overload has been rarely observed, and in the cardiomyocytes of a mouse model for FRDA, where tissue damage occurred before evident iron loading (43) . In the FRDA mouse models that develop ataxia, iron deposition was not observed in the damaged tissues, confirming that this is not necessarily associated with frataxin deficiency (44) . However, a reduction of the activity of SDH and Fe/S enzymes, and an increase in oxidative stress are consistent findings in tissues and cultured fibroblasts from FRDA patients (45) . This might be caused by the local deregulation of mitochondria iron, as we propose to occur in yeast, caused by catalytic concentrations of iron that cannot be detected. Alternatively, it is possible that the iron chaperone function of frataxin is more important in mammals than in yeast. The study of MtF expression in frataxin-deficient mammalian cells may help to clarify this point. Our preliminary data indicate that MtF has a general protective role against oxidative damage in cultured mammalian cells (data not shown). So far we do not have any direct evidence that MtF is upregulated in frataxin-deficient cells, but we may expect that its artificial upregulation may be protective against the damage.
In conclusion the present results indicate that the MtF expression strongly protects yeast cells from damage associated with frataxin deficiency. These data could be relevant not only for FRDA but also for other neurodegenerative disease, where an increase in the ROS production within the mitochondria has been showed to be implicated in the pathogenesis of neurodegeneration.
MATERIALS AND METHODS
Plasmid construction
The cDNA of human MtF precursor was PCR amplified from the vector pUHD-MtF (9) using the primers 5 0 -GCCGCCGG TACCGTAGCAATGCTGTCCTGC with a Sal I site and a yeast ribosomal binding site, and 5 0 -GCCGCCGTCGACTT AGTTCTGCTTGTTTTC with a Kpn I site. The cDNA was subcloned into pG3/TRP1 vector (35) downstream the yeast glyceraldehyde-3-phosphate dehydrogenase promoter to obtain the construct pG3-MtF/TRP1 for constitutive expression in S. cerevisiae.
Yeast strains and culture
All strains used in this study were derived from strain yfh1D [YFH1], a haploid derivative of strain YPH501, carrying a disrupted chromosomal yfh1D::HIS3 allele and a complementing Ycp50-YFH1 plasmid (36) . It was maintained in SD minimal [huMtF] clones are resistant to H 2 O 2 . The growth of the indicated strains was synchronized at the exponential growth phase in SSDE media; the cells were diluted as in Figure 4 and spotted on YPD plates. Gradients of H 2 O 2 were generated by adding to a filter in the middle of the plate 20 and 40 ml of 30% H 2 O 2 . The picture was taken after 4 days of growth at 308C. The experiment was repeated five times, with different [huMtF] clones, producing the same results, and a representative one is shown. Figure 7 . Expression of MtF preserves mitochondrial DNA. Clones of the indicated strains were maintained in log phase growth for 48 h in YPD complete liquid medium. The presence of mtDNA in the total DNA preparations was analyzed by PCR amplification of the OLI1 gene, which produced a 189 bp fragment. PCR amplification of RPO22 nuclear gene, which produced a 637 bp fragment, was run in parallel as a control. 
Cell extracts preparations
Cells were harvested by 5 min centrifugation at 1500g and washed with ice-cold water. For DNA extraction, the cells were suspended in 10 mM Tris -HCl, pH 8.0, 100 mM NaCl, 1% Triton X-100, phenol -chloroform (1 : 1). After vortexing at maximum speed for 2 min in the presence of glass beads, the samples were centrifuged and the aqueous phase was collected and used for DNA amplification. To prepare total soluble homogenates, the cells were suspended in 20 mM Tris -HCl, pH 7.5, 1% Triton X-100, and vortexed at maximum speed for 5 min in the presence of glass beads. The supernatants upon centrifugation at 10 000g for 10 min were collected. Spheroplasts were obtained by suspending the cells in 50 mM Tris-HCl, pH 7.5, 10 mM MgCl 2 , 1 mM DTT, 1 M sorbitol, adding 200 U of zymolyase per ml of original packed cell volume, incubating for 1 h at 308C with gentle agitation and collected by centrifugation at 1000g for 5 min. Mitochondria were isolated by suspending the spheroplasts in 10 mM HEPES -NaOH, pH 7.2, 0.6 M mannitol, 1 mM PMSF and 0.007% digitonin (mitochondrial buffer) and incubated in gentle agitation for 20 min at 48C. The preparations were then centrifuged at 600g for 3 min and the supernatants collected. The precipitates were resuspended in mitochondrial buffer and incubated in gentle agitation for 5 min at 48C and centrifuged. The two supernatants were pooled and then centrifuged at 7000g for 10 min. The precipitates were gently suspended in mitochondrial buffer, centrifuged at 600g for 3 min, to remove membrane aggregates, and the supernatants centrifuged again at 7000g for 10 min to collect mitochondriaenriched pellets. Finally the preparations were suspended and washed two times in mitochondrial buffer.
Enzymatic activities
Fresh mitochondria preparations were suspended in 10 mM HEPES-NaOH, pH 7.2, 20 mM KCl, 5 mM KPO 4 , 220 mM sucrose and aconitase, SDH and MDH activities were measured following standard procedures (46 -48) . Aconitase was assayed by measuring the disappearance of cis-aconitate at 240 nm, SDH by following the reduction of para-iodonitrotetrazolium violet (INT) to INT -formazan at 500 nm, and MDH by monitoring disappearance of NADH at 340 nm.
Protein analysis
Protein concentration was measured using BCA assay (Pierce) calibrated on bovine serum albumin. The mitochondrial preparations were diluted in 20 mM Tris-HCl, pH 7.5, 1% Triton X-100 before BCA assay. Before western blotting, the extracts were heated 10 min at 758C to extract the ferritin, which is thermo resistant, and centrifuged at 10 000g for 5 min. The supernatants were separated on non-denaturing 6% polyacrylamide gel electrophoresis in Tris-glycine buffer. Proteins were transferred to Hybond ECL nitrocellulose membranes (Amersham) with a semidry blotting apparatus. The membranes were incubated with mouse antiserum anti-huMtF diluted 1:1000 and with secondary, peroxidase labeled, anti-mouse IgG diluted 1:5000 (Sigma) or with anti-yeast Aco1p (a generous gift from Professor Roland Lill) diluted 1:3000, followed by a peroxidase labeled anti-rabbit IgG 1:5000 (Sigma). Bound activity was revealed with Super Signal West Pico system (Pierce).
Fe labeling and total mitochondrial iron determination
Yeast cells were grown in SSDE medium added of 5 mM 55 Fecitrate and 100 mM ascorbic acid for 18 h. The soluble homogenates were heated, centrifuged and separated as for western blotting analysis and the gels were exposed to autoradiography. Iron content was determined as described earlier (49) . Briefly, mitochondrial and cytoplasm preparations were incubated in 100 mM thioglycolic acid, 20 mM HCl and 20 mM 2,2 0 -bipyridyl, the samples were boiled for 20 min and analyzed for absorbance at 570 nm, subtracting the absorbance at 465 nm, to quantify the Fe -2,2 0 -bipyridyl complex. Mitochondrial preparation from [huMtF] strain was immunoprecipitated as described earlier (9) . Samples of 10 ml before and after immunoprecipitation were added of 500 ml of liquid scintillation cocktail (Packard), incubated in dark for 20 min and finally counted.
DNA analysis
Nuclear, mitochondrial and plasmidic DNAs of yeast strains were PCR amplified using standard procedures, with the following oligonucleotides primers: YFH1 gene, 
